The chemokine SDF-1 and its receptor CXCR4 control cell migration in the immune and nervous systems. Recent studies in zebrafish have shown that SDF-1 and CXCR4 also guide the migration of germ cells and sensory organs of the lateral line. Where and when is CXCR4b activated to guide primordial germ cells? A priori, CXCR4b might only be required at one or a few choice points. Analysis of SDF-1 expression, however, indicates that SDF-1/CXCR4b signaling might guide germ cell migration throughout embryogenesis. There is a remarkable correlation between expression of SDF-1a -one of two zebrafish SDF-1 genes -and the location of germ cells (Figure 1) [7] . For instance, the dorsal exclusion of germ cells is reflected in the absence of SDF-1a dorsally, and the posterior migration of germ cells correlates with the anterior to posterior clearing of SDF-1a expression. Moreover, in regions where SDF-1a is expressed more broadly, such as in lateral
are initially positioned randomly with respect to the future embryonic axes. Within 24 hours of development, the germ cells follow complex migratory paths to eventually coalesce in the future gonad. These descriptive studies suggested that germ cells follow several intermediate targets to reach their final destination.
To isolate genes required for primordial germ cell migration, the Raz [7] and Nüsslein-Volhard [8] groups carried out large-scale screens. In one approach, morpholino antisense oligonucleotides designed to block the translation of specific mRNAs were injected into the 1-cell embryo [7] . Twenty-four hours later, at mid-embryogenesis, the distribution of germ cells was detected using the germ cell marker vasa. One of the 2500 different morpholinos tested specifically affected germ cell distribution; this morpholino targets one of two zebrafish CXCR4-like genes, CXCR4b. In the other approach, a genetic screen of chemically mutagenized fish was carried out [8] . Again, germ cell location was assayed by vasa expression. From 1358 screened genomes one mutation, odysseus, was identified. A combination of positional cloning and synteny conservation approaches then led to the identification of odysseus as a likely null mutation in CXCR4b.
Strikingly, blocking CXCR4b function leads to an apparently random scattering of primordial germ cells throughout the embryo [7, 8] . Germ cells still move, but they lack the directionality to follow their normal guidance paths. Three lines of evidence indicate that CXCR4b is specifically required in primordial germ cells for guided migration. First, transplantation studies show that odysseus mutant germ cells do not migrate properly in wild-type hosts, whereas wild-type germ cells migrate correctly in odysseus mutant hosts [8] . Second, primordial germ cell-specific expression of CXCR4b in embryos lacking endogenous CXCR4b rescues germ cell guidance [7, 8] . Third, despite the abnormal migration, marker expression and morphology indicate that primordial germ cell specification is normal in the absence of CXCR4b [7, 8] . Indeed, odysseus mutants are viable and some germ cells can populate the gonadal mesoderm and generate functional eggs and sperm [8] .
Where and when is CXCR4b activated to guide primordial germ cells? A priori, CXCR4b might only be required at one or a few choice points. Analysis of SDF-1 expression, however, indicates that SDF-1/CXCR4b signaling might guide germ cell migration throughout embryogenesis. There is a remarkable correlation between expression of SDF-1a -one of two zebrafish SDF-1 genes -and the location of germ cells (Figure 1) [7] . For instance, the dorsal exclusion of germ cells is reflected in the absence of SDF-1a dorsally, and the posterior migration of germ cells correlates with the anterior to posterior clearing of SDF-1a expression. Moreover, in regions where SDF-1a is expressed more broadly, such as in lateral plate and somitic mesoderm, germ cells seem to be attracted to sites where more cells express SDF-1a.
The expression of the second SDF-1 gene, SDF-1b, is less well characterized, but during somitogenesis and later stages of embryogenesis SDF-1b expression domains also seem to include the location of germ cells [8] . SDF-1a and SDF-1b hence appear to have overlapping expression patterns during germ cell migration. It is thus surprising that blocking translation of either mRNA using morpholinos can induce germ cell migration defects similar to the ones induced by blocking CXCR4b. SDF-1a and SDF-1b share more than 70% identity and misexpression of either protein can attract germ cells to ectopic locations [7, 8] . It is thus unlikely that these two signals have drastically different biochemical activities.
It might be that SDF-1a is the major guidance cue [7] , whereas SDF-1b has a lesser contribution [8] . In support of this, only 30% of embryos injected with a SDF-1b morpholino have germ cell migration defects [8] . Alternatively, SDF-1a and SDF-1b might have temporally or spatially differing roles during germ cell migration. Maybe SDF-1a is required for early steps of migration and SDF-1b is more important for later guidance? Future studies will have to determine the overlapping or exclusive contributions of the two SDF-1 signals to germ cell migration.
How do SDF-1 and CXCR4b steer cells? Whereas wild-type germ cells have a stably positioned leading edge highlighted by lamellipodia, cells that lack CXCR4b extend lamellipodia in multiple directions [7, 8] . Conversely, overproduction of SDF-1 in germ cells induces thinner and longer cellular protrusions all around the cell and limits movement [7] . This behavior is strikingly similar to Dictyostelium cells, which move non-directionally in the absence of external cues and move directionally towards a cAMP source by stabilizing cell polarity and pseudopodia extension in the direction of the chemoattractant. In contrast, flooding cells with cAMP arrests movement. Taken together, these observations suggest that the main cellular role of SDF-1/CXCR4b signaling is to induce stable unidirectional polarity and cytoskeletal rearrangements that lead to directional migration.
In contrast to the fetal lethality of mouse CXCR4 mutants, zebrafish CXCR4b mutants are viable [8] . It is likely that CXCR4a, a second zebrafish CXCR4 orthologue, compensates for loss of CXCR4b [15] . CXCR4b might also have subtle roles in processes other than primordial germ cell migration. Indeed, Ghysen and colleagues [16] found that SDF-1a and CXCR4b are required for patterning of the lateral line system, a sensory system designed to perceive movements in surrounding areas. The sensory organs of the lateral line, the neuromasts, are arranged in a specific pattern on the body surface. In the posterior lateral line, neuromasts are located from head to tail at regular intervals at the level of the horizontal myoseptum (Figure 2) [17,18 ]. This distribution is generated by a primordium that moves during mid-embryogenesis from anterior to posterior and deposits small groups of neuromasts at regular intervals.
An in situ hybridization screen to determine the expression of several thousand zebrafish genes led to the isolation of CXCR4b as a marker for the posterior lateral line primordium [18] . CXCR4b is expressed in the primordium at the onset and throughout migration and downregulated upon deposition of neuromasts. As with primordial germ cell guidance, there is an almost perfect correlation between the path of the primordium and SDF-1 expression domains [16] . For instance, SDF-1a is restricted to the ventral tail region corresponding to the primordium's path of migration, and later formation of the lateral line dorsal branch is preceded by a dorsal stripe of SDF-1 expression. Consistent with SDF-1a and CXCR4b having an essential role in posterior lateral line formation, morpholinos against these two factors were found to perturb primordium migration.
Taken together, the three new studies [7, 8, 16] 
